INTRODUCTION
The watershed hydrological processes have been greatly 
METHODOLOGY
Changes in runoff could be attributed to the impact of climate variability and human activities, such as land-use 
Trend analysis
The Mann-Kendall (MK) nonparametric test (Kendall & Gibbons ) has been recommended as an effective tool for trend detection (Maidment ) . In the current study, the MK test was used to determine the significance of the trends in annual meteorological and hydrological time series. The significance levels of the trend test were set at 5% and 10%. The slope of the trend was estimated as follows (Burn & Elnur ) :
for all i < j, where β is the trend magnitude. A positive value of β indicates an increasing trend, and a negative value of β indicates a decreasing trend.
Climate elasticity model
The climate elasticity model ( precipitation, which could be expressed as:
where P À1 , P À2 , P À3 are the annual precipitation in previous years.
The revised climate elasticity model can be expressed as follows:
where
resent the annual percentage departures from mean annual values for runoff and precipitation, respectively, ΔT i represents the change in annual mean temperature compared to the long-term mean temperature (
PÀn R , represents the runoff elasticity to soil moisture change, meaning the percent change of runoff coming from the change of precipitation in previous years, and ε T R is the runoff elasticity to temperature change, meaning the percent change in runoff coming from the change of temperature by 1 W C.
Based on Equation (3), the elasticities could be estimated by regression analysis step by step using the data in the calibration period. The R 2 statistic, the t statistic and The solid arrows indicate the relative strong and direct effects that have been estimated in this study, whereas the dashed arrows indicate indirect effects that have not been considered in this study.) its p value, and an estimate of the error variance are calculated to determine how many terms should be considered in Equation (3). The annual runoff departure from mean annual runoff could then be estimated by Equation (3).
The annual runoff could be calculated by:
The mean annual runoff could be averaged by the annual runoff in the prediction period. The difference of mean annual runoff between two periods could be considered as the impacts of climate variability on runoff.
Large-scale distributed hydrological model
The GBHM, which is a large-scale hydrological model, was used to simulate the hydrological processes in the study area. The GBHM was developed by Yang et al. (, ) and has been successfully applied in the Yellow River The impact of climate variability on annual runoff change was assessed using the GBHM using the same scenario of land use/cover condition for period 1 (1956-1979) and 
RESULTS

Observed changes in climate variables and runoff
The trends and its significances of the annual runoff, precipitation, and air temperature were first detected using the MK The annual precipitation decreased by 9.7% in the upper catchment but increased by 1.8% in the lower catchment. Table 3 shows the statistical results of stepwise regression analysis of the climate elasticity model described in Equation (3). The F statistic in the climate elasticity model considering four consecutive years of precipitation and temperature is 11.756 and its p value is less than 0.001.
Model performance
From Table 3 , we can see that annual precipitation (P), air temperature (T ), and last year's precipitation (P À1 , meaning carry-over of soil moisture storage, which includes the snowmelt from the previous winter) are the three main factors significantly (p < 0.1) affecting annual runoff.
Therefore, the climate elasticity model described by
T R ΔT i was used to estimate the parameters based on the annual runoff, precipitation, and air temperature of the study catchment in period 1. The F statistic of the model is 18.212 and its p value is less than 0.001. In the whole study area, the values of ε P R , ε P À1 R and ε T R were obtained as 2.6, 0.5, and À0.07, respectively, indicating that a 1% increase in P, and P À1 could cause a 2.6% and 0.5% increase in R, respectively, and a change of þ1 W C could cause a 0.07% decrease in R. The climate elasticity model given by Table 4 ). Therefore, the impacts of climate variability on runoff were an increase of 9.2 mm, a decrease of 8.5 mm, and an increase of 10.4 mm for the whole, upper, and lower catchments, respectively.
The mean annual runoff of periods 1 and 2 was also calculated based on the GBHM simulation. The difference in the mean annual runoff of the whole study area between the two periods, which was 8.8 mm, from 62.5 to 71.3 mm (Table 4) , could be considered as the impact of climate variability. The difference of 8.8 mm is comparatively close to the estimated value of 9.2 mm estimated from the regression method. The impacts of climate variability on runoff were a decrease of 8.4 mm and an increase of 9.7 mm for the upper and lower catchments, respectively.
Impacts of human activity change on annual runoff Table 2 shows that the annual direct water intake was 3.5 mm in period 1 and 26.1 mm in period 2. Therefore, the direct impact of human activities for the whole catchment was 22.6 mm. The dramatic increase in direct water intake from period 1 to period 2 is due to the increasing demand for water for living, industry, and agriculture with the increase in population, development of economic construction, and improvement in people's living conditions. As can be seen in Table 2 , the direct water intake dramatically increased and precipitation slightly increased from period 1 to period 2, and thus, the direct impact of human activities could be considered as the main contributor to the decrease in inflow into the Panjiakou Reservoir.
Direct impacts of human activities (direct water intakes) in the upper and lower catchments were 2.0 and 40.7 mm, respectively.
The indirect impact of human activities (land use/cover change) on annual runoff change was also assessed using the GBHM. Comparing LU2 to LU1, the area of forest was found to increase and the grassland decreased in the study area (see Table 1 Table 4 ). The indirect impact of human activities on annual runoff change was a decrease of 1.3 and 3.1 mm for the upper and lower catchments, respectively.
DISCUSSION
Impacts of climate variability and human activities on runoff Figure 6 shows the climate elasticity of runoff for the upper catchment (grassland dominated), the lower catchment (forest dominated), and the whole catchment (mixed vegetation) . The values of ε P R were obtained as 1.5, 2.8, and 2.6 for the upper, lower, and whole catchments, respectively, indicating that a 1% increase in P could cause a 1.5%, 2.8% and 2.6% increase in R, respectively. Some previous studies showed similar results, for example, Ma et al. Table 1 ), whereas the grassland with relative shallow roots had difficulties in holding water in the upper catchment. The temperature elasticity of runoff (ε T R ) was positive in the upper catchment but was negative in the lower catchment. The positive elasticity might be due to the snowmelt runoff in the upper catchment to a certain extent since it had higher elevation and colder climate, and the negative elasticity might have stronger evapotranspiration in the lower catchment due to the increase in air temperature.
Climate variability in this study primarily refers to the variation in precipitation and air temperature. Specifically, 28.5 mm of precipitation and 0.5 W C of air temperature The annual direct water intake of the whole catchment increased 22.5 mm from period 1 to period 2, a more dramatic increase than in the lower catchment. There is a greater population in the lower catchment than in the upper catchment. Therefore, with the increase in population, development of economic construction, and improvement in people's living conditions, the water demand for living, industry, and agriculture increased.
Runoff could be strongly regulated by the soil with large water storage capacity due to the deep roots of trees in the forests. Comparing LU2 to LU1, the area of forest and shrub was found to increase and the grassland decreased in the study catchment (see Table 1 ). From Table 1 , we can see that the area ratio of forest and shrub increased from 37.6 to 43.5% after the water-soil conservation project in the area in the 1980s, whereas the value of grassland decreased from 34.0 to 30.2%.
Uncertainty in the simulations
The current study used two different models, namely, the and 8.8 mm for the whole catchment simulated using the climate elasticity model and the GBHM, respectively) (see Table 4 ), which rendered great confidence on the impact assessment of this study.
The GBHM was used to evaluate the impacts of climate variability and human activities on runoff change. Major 
